Crevice corrosion behavior of high nitrogen-bearing stainless steels with up to 1.1 mass% nitrogen were investigated in artificial seawater. Specimens were highly purified and contained ultra-high nitrogen of about 1 mass% obtained by using nitrogen gas pressurized electroslag remelting (P-ESR) system. 23%Cr-4%Ni-0 to 2%Mo-0.7 to 1.1%N stainless steels were used as test specimens. Crevice corrosion resistant properties of the stainless steels were evaluated by means of electrochemical corrosion test method using multiple crevice assemblies. Crevice corrosion was confirmed by visual observation to be generated after test and by in-situ current response under test. It was seen that there was a positive correlation between nitrogen content and crevice corrosion potential. High nitrogen-bearing austenitic stainless steels produced by P-ESR had good crevice corrosion resistance. It was also found that ultra-high nitrogen stainless steels containing molybdenum had superior crevice corrosion resistance. Surface of high nitrogen stainless steel was analyzed using X-ray photoelectron spectroscopy (XPS). After polarization at the passive potential region (at ϩ300 mV vs. SCE), an alloying nitrogen or nitride peak of N1s spectra appeared at higher take-off angle measurement, indicating that nitrogen concentrated at the inner layer of the interface between passive film and bulk metal. Enriched nitrogen at the interface may be possible to improve crevice corrosion resistance.
Introduction
In the use of stainless steels in seawater, localized corrosion such as pitting corrosion, crevice corrosion and stress corrosion cracking (SCC) becomes a problem. This is mainly because seawater contains high number of chloride ions. Pitting corrosion and crevice corrosion occurs more frequently than SCC at ordinary temperature in an aqueous solution environment containing chloride ions. 1) Compared to pitting corrosion, however, crevice corrosion becomes a more serious problem from the viewpoint of the propagation mechanism. In addition to the existence of chloride ions, it is said that the corrosion potential of stainless steel rises to a more noble potential in natural seawater than in artificial seawater at ordinary temperature. [2] [3] [4] [5] [6] [7] This phenomenon is recognized as a microbiological influence in natural seawater. Corrosion potential of stainless steel exposed in natural seawater may shift to a more noble potential than that exposed to filtered natural seawater. 3) To avoid this microbiologically influenced corrosion (MIC), stainless steels with high localized corrosion resistance must be used in such environment.
It is well known that the alloying chromium, molybdenum or nitrogen effectively improves the localized corrosion resistance of stainless steel. 8) The susceptibility of stainless steel to pitting corrosion, for example, is represented by their chemical compositions 9) as follows: where X varies from 10 to 30. Equation (1) indicates that nitrogen is one of the most beneficial alloying elements for improving pitting corrosion resistance. From the viewpoint of resources-saving, chromium and molybdenum content must be made as low as possible. In order to develop a resources-saving stainless steel with excellent localized corrosion resistance, 2 key technologies were adopted. The first key is high nitrogen alloying. Nitrogen enrichment improves pitting and crevice corrosion resistance without increasing chromium or molybdenum content. Therefore, adding nitrogen may contribute to reduce necessary chromium and molybdenum content. Moreover, as nitrogen is an austenite former, adding nitrogen lowers the nickel content required for forming a single austenitic phase. The second key is purification of the material itself. It is considered that localized corrosion of stainless steel with little inclusion of impurities is more difficult to occur than that with much inclusion. [10] [11] [12] [13] [14] Decreasing the amount of impurities improves pitting and crevice corrosion resistance without increasing chromium or molybdenum content.
To make these 2 key technologies compatible, we developed a nitrogen gas pressurized electroslag remelting (P-ESR) equipment. In P-ESR system, purified and high nitrogen-bearing stainless steels are produced by remelting a premelt electrode in a highly pressurized nitrogen gas environment.
In this study, localized corrosion resistance of nitrogenbearing austenitic stainless steels with up to 1.1 mass% ni-trogen was electrochemically investigated. And the objectives are to evaluate crevice corrosion resistance of nitrogen-bearing austenitic stainless steels and to clarify the effect of nitrogen on crevice corrosion behavior in seawater environment.
Experimental Procedure
Specimens were highly purified and ultra-high nitrogen of about 1 mass% stainless steels obtained by P-ESR system. Figure 1 shows a schematic diagram of the nitrogen gas P-ESR equipment. A premelt electrode is remelted under high nitrogen gas pressure, e.g., 1 to 4 MPa. Flux is first melted by Joule heating, then the electrode is melted and drops under the slag pool. Impurity elements of the electrode are removed by the refining reaction in the slag pool. After obtaining remelted ingot of 1 mass% nitrogen and highly purified stainless steel via P-ESR equipment, it was confirmed that nitrogen was distributed uniformly both horizontally and vertically in the ingot. In this system, an ingot weighs about 20 kg.
Test specimens were 23mass%Cr-4mass%Ni-0 to 2mass%Mo-0.7 to 1.1 mass% N stainless steels. Table 1 shows chemical compositions of specimens. Ingots were cut, forged and hot-rolled to a thickness of 4 mm followed by solution heat treatment. High nitrogen stainless steel has a single austenitic phase when properly heat-treated. Figure  2 shows microstructure of high nitrogen stainless steel produced by P-ESR. Optical microscopy did not show any precipitation.
Crevice corrosion resistance of nitrogen-bearing stainless steels was evaluated electrochemically. As corrosion potential of stainless steel rises up gradually in seawater environment, the crevice corrosion test was carried out by potentionstatic test after potentiodynamic scan in this study. Related experimental procedure of the polarization was reported. 15) In this test, a specimen was polished using emery paper up to #600 and rinsed in acetone and deionized water. As test solution, artificial seawater was used. First, two multiple crevice assemblies fabricated from polysulfone resin were attached to a specimen from both side using titanium bolt, nut and washers. The design of assembly is shown in ASTM G78-95.
16) The specimen with multiple crevice assemblies was immersed in non-deaerated solution for 30 min. Then, after the potential of the specimen was scanned from the corrosion potential to a constant potential (E set ) by 1 mV per minute in scan rate, it was held at the potential (i.e. E set ) for 48 h. Figure 3 shows an example of scanning potential and current response during a crevice corrosion test of 23%Cr-4%Ni-1%Mo-0.7%N steel. In this case, the E set was ϩ500 mV vs. SCE. Current observed during potential scanning was the passive current of stainless steel. After the potential was set to E set , the passive current tended to decrease gradually. The increase in current after 20 h indicates crevice corrosion has been initiated. After the test, crevice corrosion was visibly reconfirmed at crevices in the specimen showing this current profile. Note from us to monitor the initiation of crevice corrosion. In this study, E set was set every 25 mV. Crevice corrosion potential was defined as the noblest E set at which crevice corrosion did not occur during the test. Anodic polarization curves in an acidic solution were measured using conventional technique. The solution was deaerated by argon gas. A specimen was polished using emery paper up to #600 and rinsed in acetone and deionized water. Then, the specimen was polarized anodically from the corrosion potential to 1 000 mV vs. SCE by 20 mV per minute in scan rate. In the electrochemical measurement in this study, Pt plate as a counter electrode and saturated calomel electrode (SCE) as a reference electrode were used respectively. All potentials will be described in SCE scale in this paper.
The surface was analyzed by X-ray photoelectron spectroscopy (XPS) using monochromatic-AlKa X-rays (hnϭ 1486.6 eV) over an area of about 200 mm in diameter. Highresolution spectra for the state analysis were recorded with 23.50 eV pass energy. The surface of the specimen was analyzed at takeoff angles of 30°, 45°and 90°against the steel surface to obtain information on depth distribution.
Results and Discussion
The effect of nitrogen on crevice corrosion resistance of stainless steel was investigated. Figure 4 shows a relationship between crevice corrosion potential and nitrogen content in artificial seawater at 35°C. Plots enclosed in dotted lines represent the data on materials containing 23%Cr-4%Ni obtained by P-ESR. Solid triangles represent the results of reference steels of 17%Cr-14%Ni-4%Mo obtained by vacuum induction melting. Regarding the plots attached arrows, crevice corrosion was not recognized at any potential below ϩ0.9 V vs. SCE. About the 1 % Mo steels of P-ESR materials, it was found that there was a positive correlation between nitrogen contents and crevice corrosion potential. Even molybdenum-free stainless steel, crevice corrosion potential was ϩ0.425 V vs. SCE, which was thought to have high crevice corrosion resistance. High nitrogen stainless steels containing molybdenum had crevice corrosion resistance superior to that of molybdenum-free steel. 2 % Mo P-ESR steel shows excellent crevice corrosion resistance, suggesting the possibility of a synergistic effect between nitrogen and molybdenum. This synergistic effect has been reported. [17] [18] [19] [20] [21] Olsson 17) suggested that the synergistic effect of duplex stainless steels was due to stabilization of the passive film by the interaction of molybdates and ammonium ions.
The effect of nitrogen on the incubation time in crevice corrosion generation was investigated. Figure 5 shows the potential sweep and current response during crevice corrosion tests for 0.7 % N and 0.9 % N stainless steels. The E set was ϩ500 mV vs. SCE in this test. As results, crevice corrosions were actually observed in both steels at this potential. Crevice corrosion occurred earlier in 0.7 % N stainless steel than in 0.9 % N stainless steel, proving that nitrogen tended to extend the incubation time of crevice corrosion generation. The current observed for crevice corrosion was lower in higher nitrogen steel (0.9 % N steel), meaning the amount of crevice corrosion was less in higher nitrogen steel.
From these electrochemical investigations, it was cleared that alloying nitrogen in stainless steels raised up crevice corrosion potential in artificial seawater, extended incubation time for crevice corrosion and lowered the amount of crevice corrosion. Crevice corrosion generation is promoted by hydrolysis reaction in the crevice, i.e., pH in the crevice decreases with the formation of H ϩ by the hydrolysis of dissolved metal ions. When pH of the solution in a crevice becomes lower than the depassivation pH of the stainless steel, crevice corrosion is initiated. At sites where crevice corrosion occurs, stainless steel dissolves anodically. It is considered that the factors affecting crevice corrosion behavior are, for example, passive current density, active dissolution rate, depassivation pH, state of the passive film and so on. The following sections detail the effect of these factors on crevice corrosion behavior.
Anodic Dissolution Rate and Passive Current
At first, the effect of nitrogen on the anodic dissolution rate and passive current of high nitrogen stainless steels was determined. Figure 6 shows anodic polarization curves of high nitrogen stainless steels in 1 M hydrochloric acid (deaerated by argon gas) at 35°C. Anodic peak current den- at about Ϫ0.4V vs. SCE. In this study, anodic dissolution rate in acidic solution decreased slightly with nitrogen content.
Other alloy elements such as copper, [22] [23] [24] molybdenum 24) and nickel 24) effectively depress the anodic dissolution rate. Differing results have been reported regarding with the effect of nitrogen on anodic peak current, e.g., Vanini et al. 25) and Truman 26) showed that the adding nitrogen to stainless steels detrimentally affected active dissolution in an acidic solution. Palit et al. 27) reported that the corrosion rate and active peak current density were reduced slightly with the presence of nitrogen in 316LN stainless steel. Newman 19) concluded that alloying nitrogen in 316L stainless steel impeded anodic dissolution kinetics at a specific range of HCl concentration around 3 to 4 M, but had little or no effect at other ranges. The alloying effect of nitrogen on the active dissolution rate in an acidic solution thus differs with test conditions.
Regarding the passive current density, at a potential range of 0 to 0.7 V vs. SCE, current densities for 3 stainless steels were about 2 to 3 mA · cm
Ϫ2
. Current densities at potential higher than 0.9 V resulted from oxygen evolution. Current in the passive region did not depend on the nitrogen content of stainless steel.
Depassivatin pH
The effect of nitrogen on the depassivation pH was investigated. Figure 7 shows depassivation pH of high nitrogen stainless steels. For purpose of comparison, the effect of molybdenum was also investigated. pH was adjusted by adding hydrochloric acid to artificial seawater. The solution was deaerated by argon gas. At higher pH region, the corrosion potential of stainless steel was at the passive region. As hydrochloric acid was added dropwise to the solution, the corrosion potential of steel shifted suddenly from passive region down to the active region at depassivation pH of the steel. It was obvious from Fig. 7 that Mo but not N was effective in depassivation pH. 1 % Mo steel showed a lower depassivation pH than Mo-free steel and 2 % Mo steel a lower depassivation pH than 1 % Mo steel. No clear difference was seen, however, in the difference of depassivation pH between 0.7 % N and 1.1 % N steel. Depassivation pH decreased with increasing molybdenum content, but was unchanged by nitrogen content. Crevice corrosion is promoted when the pH of the solution inside the crevice drops below the depassivation pH due to hydrolysis reaction of dissolved metal ions. Azuma et al. 28) and Ujiro et al. 29) reported that nitrogen had almost no effect on depassivation pH. The results in present study followed the same trend for high nitrogen-bearing stainless steels.
Surface State of High Nitrogen Steels
Surface analysis using XPS was carried out to clarify nitrogen behavior of the steel. Figure 8 shows XPS spectra of chromium and nitrogen recorded after polarization of 23%Cr-4%Ni-1%N at ϩ300 mV vs. SCE in artificial seawater for 2 h at 35°C. During the test, it was confirmed electrochemically that pitting or crevice corrosion did not occur. In XPS measurement, the takeoff angles were changed from 30°to 90°. At lower angle measurement, XPS spectra represent outer surface of passive film. At higher angle measurement, XPS spectra contain information of the inner surface. For chromium, Cr2p spectra had 2 peaks, indicating that passive film involving chromium oxide was formed at the surface of stainless steel, and metallic chromium existed at the inner layer under the passive film. In regard to nitrogen, N1s spectra had 2 peaks. One is at higher bonding energy (about 401 eV), the other is at lower bonding energy (about 398 eV). Lower bonding energy peak appeared in only 90°takeoff angle, indicating that alloying N or nitride existed at inner layer of the surface. It was clear from Fig. 8(a) and 8(b) that N of lower binding energy was mainly concentrated at the interface between passive film and matrix since it's peak was detected by higher takeoff angle measurement, where chromium oxide and metallic chromium were detected simultaneously. In order to estimate the quantitative concentration of the enriched N, further information such as actual thickness of the N-enriched layer, attenuation coefficient of photoelectron through the N-enriched layer should be discussed. Using AES (Auger electron spectroscopy) and XPS, Olsson reported that nitrogen enrichment at the metal/oxide interface of duplex stainless steel occurred during polarization in a NaCl solution. 17) Using XPS, Olefjord 30) showed that nitrogen was concentrated at the oxide/metal interface of polarized austenitic stainless steel in an acidic solution. In the present study, it was indicated that highly concentrated nitrogen existed at the interface during passivation in a neutral solution containing chloride ions. Tests showed that this trend did not depend on molybdenum. Nitrogen effectively improves crevice corrosion resistance in artificial seawater. In this study, it was cleared that nitrogen affected the anodic dissolution rate slightly. The passive current in an acidic solution and depassivation pH of stainless steel did not depend on nitrogen content. As to whether nitrogen improves pitting or crevice corrosion resistance, Osozawa et al. 31) showed that NH 4 ϩ existed in an aqueous solution after pitting tests for nitrogen-bearing stainless steels. Ohno and Misawa et al. 32, 33) showed the presence of nitrate ions as a reaction species in active pits. Whether NH 4 ϩ or nitrate ion exists in the pits appears to depend on the electrode potential. Nitrogen as an alloying element or nitrides was detected at the inner surface after polarization, but it could not clarify whether alloy N or nitrides exists, although nitrogen at the surface is considered to be distributed in either form. It can be considered that this concentrated nitrogen contributes to improving crevice corrosion resistance. Further research on the potential dependence of the nitrogen concentration or the state of nitrogen at the interface is planned in future work.
Conclusion
In order to investigate the crevice corrosion resistance of nitrogen bearing austenitic stainless steels in seawater environment, 23%Cr-4%Ni-0 to 2%Mo-0.7 to 1.1 % N steels obtained by N 2 gas P-ESR equipment were evaluated electrochemically. The present investigation leads to the following conclusions:
(1) High nitrogen-bearing austenitic stainless steels had good crevice corrosion resistance according to the electrochemical evaluation in artificial seawater.
(2) Nitrogen in stainless steels had a tendency to lengthen incubation time for crevice corrosion generation.
(3) Among the factors affecting crevice corrosion behavior, the anodic dissolution rate in an acidic solution decreased slightly with nitrogen content. Passive current did not depend on nitrogen content.
(4) The depassivation pH of steel was improved by molybdenum but not affected by nitrogen.
(5) In the passive state of high nitrogen stainless steels in a neutral solution containing chloride ion, it was indicated that nitrogen tends to concentrate at the inner layer of the surface. Fig. 8 . XPS spectra of (a) Cr2p, (b) N1s recorded after polarization of 23%Cr-4%Ni-0%Mo-1%N at ϩ300 mV vs. SCE in artificial seawater for 2 h. The take off angles were changed.
